cade pattern for flavivirus ORFs developed by Rice and Strauss (33) . Potential cleavage scores obtained by SignalP (http://www.cbs.dtu.dk /services/) determined host signalase cleavage sites (27) . Glycosylation sites and cysteine residues were identified using NetNGlyc (version 1.0) (http://www.cbs.dtu.dk/services/NetNGlyc/) and Geneious 5.4, respectively. Highly conserved motifs and mutations were also identified.
Secondary and cyclization RNA structure prediction. Secondary and RNA cyclization structures involving the 5=NCR, the first 200 nt of the C protein, and the 3=NCR were assessed using Geneious and mfold, as previously described (45) . Termini patterns were selected according to lowest fold energy and the presence of conserved secondary structures, such as 3= and 5= stem-looping (3=SL, 5=SL), annealing of 5= and 3= cyclization regions (5= and 3=CYCs), 5= and 3= upstream AUG regions (5= and 3=UAR), and the start codon at the 5= Cap hairpin sequence (HS).
Three-dimensional protein modeling. Three-dimensional (3D) protein structures were rendered using the protein homology method by initial search and template selection using the universal protein database (templates) (http://www.rcsb.org/pdb) and applying the YFV envelope protein sequence (query sequence) as the basic parameter. The template selected (Dengue virus type 3; PDB 1UZG) was used to construct the protein model with the Swiss model server (1, 34) . The predicted 3D models were run through PROCHECK (20) and ANOLEA (28) to evaluate stereochemistry parameters, ligation lengths, angle of ligation, peptidic ligation, lateral ring alignment, and rotational angle for the main and lateral chains. The final 3D structures were visualized with Visual Molecular Dynamics software (17) .
Similarity analysis. Similarity among the 29 YFV genomes was calculated with the plotting similarity method in the Bootscan program in Simplot version 3.5.1 (http://sray.med.som.jhmi.edu/SCRoftware/simplot/). Phylogenetic trees were constructed using the neighbor-joining method with bootstrap resampling of 1,000 replicates using PHYLIP 3.69 (15) . The Kimura 2-parameter model was used as a nucleotide substitution model. The phylogenetic permutation values (ppt) expressed on the y axis were calculated from bootstrap values by using a 50% threshold. The x axis represents the YFV genome positions. Bootscanning was conducted in a slide window of 200 nt with 20-nt steps. The Trinidadian strain TVP 11767 (HM582851) was used as the reference (2) .
Phylogenetic and phylogeography analyses. Phylogenetic analysis was conducted for 20 complete YFV genomes retrieved from GenBank. From these analyses, vaccine and vaccine-related strains were removed from the data set to avoid bias of geographic position. Before phylogenetic analysis, possible recombination events were identified using both a genetic algorithm for recombination detection (GARD) (19) and the Phi test (6) , available in SplitsTree version 4 (18) . Sequences were aligned using the muscle algorithm implemented in Geneious 5.4. Maximum likelihood (ML) phylogenies were constructed with the MrBayes-Multi version 3.1.2 (32) , applying the general time reversible nucleotide substitution model (GTR ϩ 4⌫) and optimizing across site rate variation. The parameters of a full probabilistic model, including timed sequence evolution and spatial-temporal dispersal, were estimated using a Bayesian statistical inference approach implemented in BEAST (13, 14, 21) . The Bayesian skyline coalescent prior (36) was used to model fluctuations of the effective population size over time. Bayesian phylogenetic inference was also applied to GTR 4 DNA substitution model to account for amongsite rate variation. Isolation dates in years were available from GenBank and laboratory records. The spatial-temporal dispersal of YFV between Africa and the Americas was reconstructed using the discrete model and within the Americas using the continuous probabilistic model of viral diffusion, both implemented in the BEAST package. For each alignment, three Markov chain Monte Carlo (MCMC) analyses were run for 50 million cycles, sampling every 10,000th state until adequate mixing was achieved. Bayesian phylogenetic analyses were computed using the BEAGLE library (5) to augment the computational speed. After removing 10% of the burn-in, runs were combined with LogCombiner (http://tree. bio.ed.ac.uk/software). Maximum clade credibility (MCC) trees were summarized with Tree Annotator and visualized using Fig Tree. The spatial phylogenetic reconstruction of evolutionary dynamics (SPREAD) application (5) was used to visualize and convert the estimated divergence times and spatial estimates annotated in the MCC trees to a keyhole markup language file (KML) for visualization in the Google Earth virtual software (www.google.com/earth). All evolutionary parameters are reported as posterior means, along with the correspondent 95% Bayesian credible intervals (95% BCI).
RESULTS
Genome characterization. The Brazilian YFV genomes ranged in size from 10,795 to 11,008 nt. The predicted ORFs were 10,236 nt (3,411 amino acids [aa]) flanked by a conserved 5=NCR consisting of 118 nt and highly variable 3= termini ranging from 441 to 654 nt in length (Table 2) . Genetic divergence ranged from 2% for 5=NCRs to 12% for the M gene and 2K signal peptide, with 10% divergence across the entire genome. Among South American strains, 4.8% of genetic variability was observed, while between South American and African strains it was 16% (see Table S1 in the supplemental material). By the genetic similarity plot method, four distinct groups were depicted (permutation values over 95% within groups and Ͼ75% between groups). Groups I to IV are shown in Fig. S1 in the supplemental material, and unique mutations for YFV South American strains are shown in Fig. S2 in the supplemental material. Potential cleavage sites, cysteine residues, and glycosylation sites. Potential cleavage sites were predicted for each gene junction across the ORF of each YFV strain. Highly conserved motifs representing potential sites for protease cleavage activity were identified (see Table S2 in the supplemental material). The numbers of cysteine residues present throughout the viral proteins were as follows: AncC, 0; M, 6; E, 12; NS1, 12; NS2A, 3; NS2B, 0; NS3, 10; NS4A/2k, 1; NS4B, 3; NS5, 17. Glycosylation sites were found in three viral proteins: M (residues M134, M150, and M266), E (residues E554, E594), and NS1 (NS1-908, NS1-986). The number and position of cysteine residues and glycosylation sites were conserved among all YFV strains.
Analysis of the 5= and 3= ends. Alignment of the 5= and 3= ends revealed 5=NCR conservation and 3=NCR variability.
In the 5=NCR, minor nucleotide mutations were observed in comparison to other YFV strains [A80G, C108T, (T/C)118A]. Unique to BeH 413820 and BeH 422973 are nucleotide substitutions at position 117 (A¡C) and 109 (T¡A), respectively.
In the 3=NCR, size heterogeneity was observed as previously described (8) . Long deletions were found in the Brazilian YFV strains in comparison to African and vaccine/vaccine-derived strains herein denominated South American deleted motif YFVSADM1. These deletions were observed among the YFV repetition motifs RYF1 and RYF2. Furthermore, specific sequences for Brazilian YFV strains, namely, YFV conserved motifs YFVSACM1 and YFVSACM2, were also found. Three YFV strains (Be H6554117, BeH 622493, and BeH 422973) contained a unique motif (YFVSAUM). The Brazilian strains BeH655417, BeH622493, BeH422973, and BeH423602 do not have the YFVSADM2 motif in domain III within the 3=SL (Table 3) .
The absence of YFV repetition motifs RYF1 and RYF2 (YFVSADM1) and the presence of RYF3, conserved sequence 2 (CS2), 3=UAR, and 3=CYC sequences was observed (8, 24) . Furthermore, the pentanucleotides 3=CACAG observed in the 3=SL of flaviviruses were absent from strains with the YFVSADM2 deletion.
Except for strain BeH 413820, the 3=CYC imperfect terminal (3=CYC imp) sequence was identified in all Brazilian strains. Five strains (BeH 655417, BeH 622493, BeH 422973, BeH 423602, and BeAR 378600) had the 3=CYC motif deleted within the YFVSACM1 motif. In general, a single nucleotide change (A¡G) was observed; however, for strain BeH 394880, another mutation (T¡G) was also observed. In addition, five distinct 3=NCR patterns (II to VI) were predicted in Brazilian YFVs: 3=NCR/deleted YFVSACM1 and YFVSACM2, represented by genotype II (pattern II); long 3=NCR Uniq motifplus(YFVSAUM)/deleted YFVSADM2 (pattern III); long 3=NCR/deleted YFVSADM2 (pattern IV); long 3=NCR/YFVSADM1 (pattern V); and extralong 3=NCR (YFVSADM1/YFVSADM2) (pattern VI). Pattern I correspond to the African strains exhibiting the RYF1, RYF2, RYF3, CS2, and 3=CYC motifs ( Fig. 1 and 2) .
In all patterns, the 5= secondary structures, represented by a long SL with a lateral loop, secondary hairpin, and start codon hairpin, were conserved. The 3= secondary structure was not conserved in strains represented by patterns III and IV (Fig. 1) .
3D structure prediction of yellow fever virus envelope protein. The analysis of the 12 YFV E protein sequences revealed point mutations compared to both ASIBI and 17D/Titan vaccine strains across the three E protein domains (DI, DII, and DIII).
In DI, amino acid changes were observed at positions E62 (N¡S), E67 (H¡N; except for strain BeH 413820), E83 (A¡E, except for strain BeH 413820), E177 (K¡R for strains BeH 422973, BeAR 513008, BeH 622205, BeH 622493, BeAR 646536, and BeH 655417), E191 (G¡S), E198 (M¡R for strain BeH 463676), E207 (R¡K, except for BeH 413820), E243 (R¡K), E268 (T¡A for strain BeH 413820), tripeptide 270-272 (DNN¡DSK or GSK for strain BeH 413820), and E282 (S¡A for strains BeH 394880 and BeH 413820).
For DII, amino acid substitutions were found at E120 (T¡A for strain BeH 422973), E147 (K¡V for strain BeAR 646536), and E154 (T¡A for strain BeH 413820).
DIII of the YFV strains revealed mutations at positions E318 Phylogeographic analysis. The Bayesian MCC complete genome analysis demonstrated the presence of two major groups (I and II), where group I represented East/Central African strains, and II included Western Africa, Trinidadian, and Brazilian strains. The time of emergence for the most recent common ancestor (TMRCA) for the South American YFV strains was estimated to be 332 years ago (95% Bayesian credibility interval, 210 to 519) from a Western African lineage ancestor. The predicted substitution rates for the genomes were 1.12EϪ3 substitutions/ site/year (East African strains), 3.1EϪ4 substitutions/site/year (West African strains), 3.04 EϪ4 substitutions/site/year (Brazilian strains), and 9.3 EϪ4 substitutions/site/year (Trinidadian strain) (Fig. 3a) .
The phylogeographic model demonstrated the introduction of YFV from Africa to the Americas (Fig. 3b) , and the continuous model indicates that YFV dispersion in South America is relatively recent. The virus was likely introduced in Northern/Northeast Brazil before dispersing to other Brazilian regions (Western/Central and Southern/Southeast regions) and Trinidad and Tobago at a dispersion speed of 24.95 km/year (95% Bayesian credibility interval (13.6 to 37.4) (Fig. 3a, b, and c) .
DISCUSSION
Despite Brazil being the largest country where YF is endemic, with disease emerging in local regions that were previously considered YF-free for almost 50 years (8, 9, 38) , no Brazilian YFV complete genomes have been reported (2, 3, 26, 30, 42, 43 ). Previous genomic, phylogenetic, and evolutionary analyses were based on partial nucleotide sequences restricted to the prM/M E and NS5/ 3=NCR junctions (7, 8, 11, 22, 39) .
Although sequence analysis of YFV isolates collected from various hosts in distinct geographic locations at different times have yielded insights into 3=NCR heterogeneity and evolutionary history (8, 39) , full genome sequencing reported here has the potential to enhance diagnostics and provide a more comprehensive view of the phylodynamics of YFV.
The 12 Brazilian wild-type YFV strains represented here showed high levels of genetic divergence and size heterogeneity (ranging from 10,795 nt to 11,008 nt in length) ( Table 2 ) as previously described (8, 29) .
Gene analysis revealed conserved motifs among all strains. Interestingly, many genetic signatures were found in Brazilian YFV strains compared to in African, Trinidadian, and vaccine-associated strains (see Fig. S2 in the supplemental material). These unique motifs should be useful for development of molecular probes and PCR-derived methods (e.g., real-time PCR, mass tag-PCR) capable of differentiating wild-type YFV cases from suspected severe adverse events following vaccination mainly when epidemiological history is poorly understood (e.g., lack of vaccine shot information, period of vaccination, response to vaccine). Potential cleavage sites for generation of YFV proteins, N-glycosylation sites, and cysteines were conserved in all Brazilian YFV genomes, suggesting their functional roles are conserved (4) .
Genetic variability among the Brazilian YFV strains was observed along the entire genome (4.8%,); however, greater divergence was observed in the 3=NCR region (6%) as previously described, suggesting a large amount of size heterogeneity in these regions (8, 39) .
Five distinct 3=NCR patterns were described (Fig. 1) , three of them (III, IV, and V) presented a long conserved motif (YFVSAC M1), and two (III and IV) revealed a 37-nt deletion corresponding to the YFVSADM2 motif. Pattern VI presented an extralong YFV SACM2 motif. Despite the lack of 3=CYC sequences in YFV strains belonging to the 3=NCR patterns III, IV, and V, the RNA cyclization between 5= and 3=NCR termini were made using the 3=CYCimp. In the case of pattern IV strains where the 3=CYC regular motif is preserved, the imperfect 3= cyclization sequence was not associated with secondary structure.
The 37-nt deletion (YFVSADM2) appears to modify the secondary structure of the 3=SL in patterns III and IV, including 3=CACAG pentanucleotide. All flavivirus genomes contain a 3=SL secondary structure constituted by the most downstream 100 nt of the viral RNA genome and 3=CACAG pentanucleotide at the top of the 3=SL structure. These structures are required for virus replication and binding to both virus-coded and cellular proteins (44) , and modifications in the 3=SL or 3=CACAG pentanucleotides may result in viral attenuation (35) . Further studies are needed to investigate all 3= motifs to determine whether the YFVSADM2 deletion affects replication competency.
Mutations observed in the amino acid positions N62S, G191S, R243K, tripeptide 270-272, S282A, V318A, I335M, compared to the Asibi strain are genetic signatures of strains circulating in the Americas (41) . Although the H67N, A83E, T154A, K177R, and R207K mutations are not considered genetic signatures, they are commonly found in American strains. Furthermore, the K331R mutation was observed in the Brazilian YFV strains and is suggested to be associated with viscerotropism in hamsters (24, 25) , while the D360E substitution is associated with virulence rescue in attenuated strains (40) . The role of other mutations (T120A, A147V, M198R, and T268A) remains uncharacterized.
Genetic analyses of variability among complete YFV genomes and phylogenetic analysis support previous observations regarding the existence of distinct genetic groups in Africa and in the Americas (8, 11, 29, 39, 42) and the existence of at least two distinct genetic lineages or genotypes (I and II) cocirculating in Brazil. The complete genome phylogenetic analysis indicates that the Brazilian strains are closely related to Western African strains, suggesting an African origin (Fig. 3a) approximately 332 years ago (95% highest posterior density [HPD], 210 to 519) in the year of 1677. This time is compatible with previous publications based on E gene analyses and also is in accordance with the first report of a yellow fever outbreak in Brazil in 1685, when the virus was possibly introduced in Recife, the capital of Pernambuco state, Northeast Brazil, during slave transportation from Sao Tome, Africa, to Brazil, with one stop in Santo Domingo, Antilleans, where the disease was devastating the population (16) .
The phylogeographic models (discrete and continuous) confirmed the introduction of the YFV in Brazil from West Africa and suggest that American dispersion is relatively recent (Fig. 3a) . Previous geographical dispersion analysis was performed using partial sequences (2), while the current results, using complete genomes, suggest that YFV entered the Americas in Northern/Northeast Brazil before dispersing to other regions in Brazil and Trinidad at 24.95 km/year (95% BCI of 13.6 to 37.47) with a mutation rate of 3.04EϪ4 (1.924EϪ4, 4.24EϪ4) (Fig. 3c, d, e) , similar to West African strains and approximately 10 times lesser than Eastern African strains (1.12 ϫ 10E3). It likely became endemic in areas where the virus could be maintained among vertebrate and invertebrate reservoirs, such as the Brazilian Amazon and central-western region of Brazil (9) . These rates (dispersion and mutation rates) are within the confidence interval for rates estimated for the envelope and NS5 genes of YFV and other flaviviruses (8) and correspond to the first estimations using entire genomes of YFV.
In conclusion, this study supports the existence of previously reported genotypes circulating in Brazil (genotypes I and II) and provides informative data regarding the virus's African origin and dispersion throughout the Americas. Further studies are needed to complete genomes from other countries where YFV is endemic to elucidate the dynamics of geographic dispersion of YFV throughout the world. The availability of the complete genomic YFV sequence may facilitate further phenotypic evaluation of viral differences, particularly the potential significance of variable regions in the C, NS5, and 3=NCR by using infectious clones. It may also enable improvements in YFV diagnostics.
